Semisolid metal alloys, used in thixoforming, are thixotropic. The slurry viscosity is shear-rate-and time dependent provided the microstructure in the semisolid state is nondendritic and consists of solid spheroids surrounded by liquid. Thixoforming takes less than 1 second, during which time the structure of the material breaks down. This breakdown can be studied by viscometry, using rapid data-collection rates, by imposing rapid increases in shear rate on the slurry. An initial rapid (Ͻ 1 second) structural breakdown during a shear-rate jump is followed by a more gradual decrease in viscosity, lasting several minutes. The slurry breaks down more rapidly with a higher final shear rate, but the first breakdown time is independent of the initial shear rate. The reverse is found with the shear-rate drops: recovery times increase with increasing final shear rate. Again, this time is independent of the starting shear rate. The shear stress and viscosity during initial breakdown and initial recovery can be described by single exponential equations. Build-up processes were examined by performing jumps after allowing the slurry to rest at a zero shear rate for different times. The increase in peak stress with rest time reflects the evolving degree of particle agglomeration. Microstructural examination confirms this phenomenon.
I. INTRODUCTION
rheological response under rapid changes in shear rate is critical to the development of modeling of die filling and VIGOROUS agitation of metal alloys during solidificasuccessful die design. [15, 16] tion can produce near-spheroidal solid particles suspended The majority of previous work [1] [2] [3] [4] [5] has centered on meain the liquid matrix. These interacting solid particles, held suring the steady-state viscosity ( ) of a Sn15 pct Pb semitogether by microscopic bonds (i.e., metallic bonds formed solid metal slurry achieved over a period of time after a by the collision of solid particles) when the alloy is left at change in shear rate (␥ ). The microstructural characteristics rest, enable the material to be handled like a solid. When a of the Sn15 pct Pb alloy are known to be similar to those shear stress is imposed, the bonds between the particles are of the thixoformable aluminum alloys used in the manufacbroken down and the material flows in a laminar way. This turing industry. An additional advantage of using the Sn15 behavior, known as thixotropy, has been shown extensively pct Pb alloy for viscometry experiments is its low melting in semisolid metal slurries. [1] [2] [3] [4] [5] [6] [7] [8] [9] Thixotropy is defined, temperature and wide semisolid temperature range. according to the British Standards Institution, as the
The results for steady-state viscosity ( e ) from previous "decrease in viscosity under stress, followed by gradual works, [3, 6, 7] together with results obtained from the authors' recovery when the stress is removed." This effect is time earlier work, [17] have been fitted to the Cross equation: [18] dependent. Figure 1 shows a schematic diagram of the change in viscosity with time following changes in shear e Ϫ ϱ 0 Ϫ ϱ ϭ 1 1 ϩ k␥ n [1] rate. Semisolid metal processing (or thixoforming), where the nondendritic metal slug is heated to its semisolid temperwhere k and n are material constants, and the subscripts o ature before forming it into a die, exploits this behavior and, and ϱ represent the viscosity at a zero shear rate and viscosity hence, lower power/energy is needed compared to solid at an infinite shear rate, respectively. forging. Compared with the turbulent flow in die casting of Figure 2 shows the steady-state viscosities plotted against fully liquid metal the flow is laminar and there is less shrinkshear rates from several studies using Eq.
[1]. The equation age porosity and/or gas entrapment. Thixoforming is a viable describes the response to shear rate of a pseudoplastic fluid, industrial process. [10] [11] [12] [13] [14] However, the rheological behavior i.e., one with no time dependence. A thixotropic alloy exhibof the alloy slurries requires further investigation. In particuits a delayed response to shear rate, so that, for instance. lar, the slurry undergoes a sudden increase in shear rate from after a rapid rise in shear rate, the viscosity is initially above rest to 100 s Ϫ1 or more as it enters the die. This change the equilibrium value and decays toward that value. This takes place in less than 1 second. Hence, measuring the decay is described by a characteristic time (relaxation time [19] ), which is technologically important if it is of the same order of magnitude as the injection time used in thixo- buildup followed by a more gradual breakdown/buildup. This can be described by a double exponential expression. Quaak gives Figure 3 as the microstructural basis for the double exponential term used. Immediately after a change in shear rate, the structure remains the same ("iso-structure").
under shear rate changes for a thixotropic material. This is followed by a very fast process, viz., breakdown (after a jump) or buildup (after a drop) of agglomerates. There is then a slow process, associated with diffusion, giving coarsening and spheroidization. So far, work carried out to study the initial rapid breakdown/buildup times in semisolid metal slurry have been limited. [20] [21] [22] [23] The work described here is concerned with the "very fast process" and uses data-collection rates faster than those previously achieved. Rapid breakdown/buildup times are investigated using a Sn15 pct Pb alloy, identifying the dependence on initial and final shear rates and relating the results to the microstructural changes.
II. EXPERIMENTAL PROCEDURE
The apparatus used for these experiments on the Sn15 pct Pb alloy is a Haake ME500 viscometer. This is a Searle- type viscometer, where the inner cylinder is rotating and the shear stress and shear rate are measured from it ( Figure 4) . Shear rates were restricted to a maximum of 200 s Ϫ1 . At higher shear rates than this, the inner rotor was displaced the transient behavior during a sudden change in shear rate. Two relaxation times were quantified: (1) breakdown time off-center, resulting in errors in the results. A data-collection card (ϳ1 kHz capture rate) is used during the rapid increase and (2) buildup time. The breakdown time is the characteristic time for the slurry to achieve its steady-state condition in shear rate. This collection rate is significantly faster than that used by other workers (200 Hz in Reference 20, 9 Hz after a shear-rate change from a lower value to a higher value, while the buildup time is for a change from a higher in Reference 21, and 200 Hz in Reference 22) . This fast collection rate enables the capture of the very fast process, shear rate to a lower shear rate. These workers found that the times for breakdown are faster than those for buildup.
as proposed by Quaak, [21] during the shear-rate change. The semisolid slurries are generated by stirring the Sn15 pct Pb This would be expected, as the breaking up of "bonds" between spheroidal solid particles in agglomerates during alloy while cooling from above the liquidus point to the required semisolid temperature (i.e., fraction of solid). The shear-rate jumps in the slurry is likely to be easier than the formation of bonds during shear-rate drops. Bond formation temperature accuracy was measured by comparing the difference between the temperature on the inner surface of the will require not only collision between particles but also, once a permanent contact point is formed, the further develcup with that from the furnace controller. The accuracy was found to be within 1 ЊC. In addition, temperatures were opment of the "neck" between the particles, a time-dependent process. Quaak [21] proposes two characteristic times to stable to within 1 ЊC over the course of the experiments, in agreement with earlier work. [24] Stirring is continued at the describe a shear rate. He suggests that during the shear-rate change, the slurry undergoes an initial rapid breakdown/ required fraction of solid until an apparent steady state is Measuring Head (Haake M5) effect is seen on the shear rate, shear stress, and viscosity curves. where x is the gap width and v is the kinematic viscosity of the fluid. obtained. The stirring breaks up the dendritic structures norFor a Newtonian fluid of viscosity 0.001 Pas (e.g., water), mally formed during solidification, resulting in solid spherthis equation gives a diffusion time of 1 second for the gap oids in a liquid matrix. The specimen is protected from used in this study (1.45 mm). The time for a 1 Pas fluid of oxidation by passing an inert gas (nitrogen or argon) over the same density would, thus, be 1 ms. In the present study of the material. Shear-rate jumps were conducted for several Sn15 pct Pb, it was concluded that the momentum diffusion different rest times and initial and final shear rates. The would not affect the experimental results due to the high samples were extracted from the annular gap using a thin viscosities in the Sn15 pct Pb alloy before the shear-rate copper rod and were quenched rapidly in water. The metallojumps. graphy samples were then prepared in the usual manner.
The effect of inertia was investigated by running shearrate jumps in air. Figure 5 shows the effect of the inertia of III. SOURCES OF ERROR the measuring head. Shear-rate jumps in air and in 1 Pas Newtonian oil produce similar patterns. By subtracting these Three possible sources of error in the shear-stress curves two curves, it can be seen that the peak produced in the oil were considered:
has disappeared, to give a curve as for a Newtonian fluid. (1) effects of momentum diffusion through the slurry, The peak obtained earlier (i.e., before subtraction) can be (2) inertia effects of the measuring head, and attributed to the inertia of the measuring head. (3) electronic switching during the step change in shear rate.
In all the shear-rate jumps conducted from an initial shear rate above zero, a "dip" was observed in both the shear-rate When the inner cylinder is accelerated, a finite time is and shear-stress curves when the initial shear rate was less required for the momentum to propagate across the gap than 30 s Ϫ1 . The cause of this dip was attributed to the between the cylinders. An approximate relation, based on the electronic switching system in the viscometer's controller, momentum-diffusion equation between two planar surfaces, after a series of tests in air showed the same dip effect at allows the calculation of this time: [25] initial shear rates less than 30 s
Ϫ1
. Figure 6 shows the shearstress and viscosity behavior of a Newtonian oil (of 1 Pas
viscosity) during a step change in shear rate from 10 to . It can be seen that the shear stress increases with Eq. [3] .
increasing shear rate, while the viscosity remains constant after the jump. However, the dip in the shear rate during the shear-rate jump has an effect on the recorded peak shear curves were corrected for instrument inertia as described in *The errors are within 95 pct confidence limit (Ϯ0.5).
the preceding section. From the graph, it can be seen that **The errors are within 95 pct confidence limit (Ϯ0.2).
with longer rest times, the initial stress (or the peak stress †The errors are within 95 pct confidence limit (Ϯ0.03).
recorded) increases. An important point to note in this result is that the graph showed a continued decrease in shear stress even after the shear rate had reached its specified value. This time-dependent behavior is characteristic of thixotropy instructed to make the shear-rate change. This does not and confirms that the Cross equation (Eq. [1]) is not approreflect the complete shear-thinning behavior of the Sn15 pct priate for describing the rheological changes in the semisolid Pb alloy. Therefore, it should be mentioned here that the slurry after a shear-rate jump.
value of s . s in Table I is the "first" steady-state viscosity The descending portion of the shear-stress curve was then (or pseudostate viscosity) after a shear-rate jump, and the fitted to a single exponential rate equation proposed by breakdown time is known as the "first" breakdown (or relaxMoore. [26] The period examined is the 1 second after 90 pct of ation) time. the specified final shear rate was achieved, and the equation Table II shows the calculated parameters (peak-stress visproposed by Moore is cosities, pseudostate viscosities, and breakdown times) for Sn15 pct Pb alloys at different rest times, for the different
[3] final shear rates specified. It is clear from the results that the breakdown times and peak-stress viscosity are influenced both by the final shear rate specified and the length of the where i and f are the initial and final shear stresses used in the calculation of the exponential decay curve, respecrest time. Table III shows the results for three different fractions of tively, and is the instantaneous shear stresses. The terms i , f , and are the corresponding viscosities, and is the solid after similar shear-rate jumps and rest times (shearrate change from 0 to 50 s Ϫ1 and after 0 and 1 hours of rest breakdown (relaxation) time at time (t ). Figure 8 shows that a good fit of the curve from the time, respectively). Both the peak-stress and final viscosities increase with increasing fraction of solid, while the breakexperimental results can be obtained by using this equation. The parameters calculated for a series of rest times from the down times remain almost the same. The viscosity values increase with increasing fraction of solid. However, the fits to the experimental curves as in Figure 8 are shown in Table I . The peak-stress viscosity ( p ) is shown to increase breakdown times show some discrepancies. At F s ϭ 0.36 for a rest time of 0 hours, the breakdown time calculated is with rest time, while the breakdown time ( ) decreases with increasing rest time.
faster than that for the experiment done at F s ϭ 0.2, but slower than that for the experiment carried out at F s ϭ 0.5. The aforementioned breakdown times are obtained from the data recorded using the fast data card (ϳ1 kHz). Data
For the same test at a rest time of 1 hour, the breakdown times are similar to each other. There is no apparent trend is collected throughout the first second after the machine is that can be seen from the results here. However, both results Pb alloys under different rest times. In Figures 9 and 10, microstructural examination shows that increasing the rest at F s ϭ 0.2 and 0.5 showed that the breakdown occurs more rapidly with a longer rest time (i.e., is shorter).
time increases the solid-particle size. This increase would impede the movement of the particles upon an imposition Figures 9 and 10 show the microstructures of Sn15 pct liquid medium present, the size of the particles, and their degree of agglomeration. This relates to the shear stress recorded during a sudden imposition of shear rate. For accurate measurements, the particle size must be less than onefraction of solid of 0.5, as expected from a more packed structure. third the size of the annular gap in the viscometer system. For the system used here, it was found that the largest particle Figures 13 and 14 plot the parameters (breakdown times, peak stress, and pseudoviscosity) obtained for shear-ratesize measured is less than one-third of the gap width. If "particle bridging" were to occur, i.e., large particles joining jump experiments. From the graphs, it was found that the breakdown times do not differ greatly for the same final together to form a solid structure across the viscometer gap interfering with flow, this would affect the peak stress but shear rate ( Figure 13 ). On the other hand, the breakdown times decrease with increasing final shear rate ( Figure 14) . not the decay portion of the curve after the peak, when flow is occurring. Figures 15 and 16 plot the same parameters for shear-ratedrop experiments. The results for the step change to a lower From Figures 9 and 10 , it can be seen that at longer rest times and higher fractions of solid, the solid particles are shear rate showed similar behavior to the step change to a higher shear rate. The recovery time is dependent on the larger and more clustered, giving a higher value of peak stress with increasing rest time.
final shear rate specified, while the peak-stress viscosity decreases with increasing initial shear rate. Figure 11 shows shear-rate jumps (from 1 to 200 s
) for two different fractions of solid (F s ϭ 0.36 and 0.5). It can be seen that the peak stress and viscosity encountered V. DISCUSSION increase with increasing fraction of solid. The viscosity values for each fraction of solid at 1 and 200 s Ϫ1 correspond During the rest time, particle agglomeration and coarsening are more pronounced than when the sample is continuto those found during the steady-state experiments ( Figure  2 ). This implies that the semisolid alloy has a constant strucously sheared for the same amount of time. In the steadystate condition during stirring, a dynamic equilibrium exists ture (i.e., constant viscosity) before the shear-rate jump.
Following the curve-fitting procedure in the rest-time in the steady-state condition where the agglomeration and deagglomeration processes both coexist. experiments, the breakdown times for the step-change experiments were obtained for a series of initial and final shear All the step-change experiments are conditioned at a particular initial shear rate for a period of time (Ͼ30 minutes) rates. Figure 12 shows six examples of the curve-fitting attempts (after the shear rate had reached ϳ90 pct of its before changing the shear rate. The slurry would achieve a steady-state structure corresponding to the initial shear rate final shear rate) at different ␥ i and ␥ f values, respectively, for both shear-rate jumps and drops.
specified. There exists a dynamic equilibrium between the agglomeration and deagglomeration processes during the Table IV lists the calculated parameters for the various shear-rate jumps for fractions of solid of 0.36 and 0.5. From conditioning. Therefore, the particle structures are different from the step-change experiments that are left to rest initially. the table, it can be seen that the peak-stress viscosity encountered during the step change decreases with increasing initial
The coarsening process is dominant through the agglomeration between the particles when the slurry is left at rest. The shear rate. This can be attributed to the slurry being more "broken down" before the step change and, hence, a lower steady constant shearing of the particles causes the particles to collide with each other, forming bonds, while at the same viscosity value is recorded. By comparing the viscosity values for the same initial shear rate, it was found that the time breaking the join between the less-strongly bonded particles. In Figure 12 , the peak stress recorded increases viscosity values differ slightly from each other. The viscosity and breakdown-time values are found to be greater for a with decreasing initial shear rate. The results agree well with works from other authors. [21, 23] At the low initial shear rate, other workers, [21, 22, [27] [28] [29] [30] who put forward the term "isostructure" during a shear-rate jump (i.e., the structure remains the structure is more built up; therefore, a higher peak stress is recorded.
the same as the previous steady-state structure before decreasing or increasing with increasing or decreasing shear Kirkwood [11] suggested that at the high initial shear rate, the degree of deagglomeration is higher than that at the low rates, respectively). The "steady-state viscosity" in Table IV is also known as initial shear rate. The result from Figure 12 agrees well with Quaak, [21] who observed that a higher initial shear rate shows the "pseudostate viscosity" or the "first steady-state viscosity" after a step change in shear rate. It is not strictly a a lower viscosity compared to one done at a lower initial shear rate after a step change to the same final shear rate. steady state. With increasing time at the constant shear rate, this viscosity will decrease or increase until it attains the The results obtained from this work agree with works by change to the same final shear rate (e.g., Table IV : shear rates from 1 to 50 s Ϫ1 and 100 to 50 s
). For a step change to a lower shear rate, the structure initially consists of a more deagglomerated structure during shearing at the high initial shear rate. By reducing the shear rate, the time needed for the structure to agglomerate would be longer than that needed to break a well-structured state to a less-structured state. Quaak observed that the "breakdown" and "recovery" times are independent of the shear-rate-jump magnitude to the same final shear rate. The results obtained from this experiment (Figures 13 through 16) show that these times are, indeed, independent of the shear-rate-jump magnitude, but are largely dependent on the final shear rate specified.
The results from both the shear-rate jumps and drops show Fig. 16 -Recovery times, peak stress viscosity, and pseudostate viscosity during a step change from an initial shear rate of 100 s Ϫ1 (material: Sn15 that these times are affected by the final shear rate specified,
pct Pb alloy at F s ϭ 0.36).
regardless of the initial shear rate. The results here agree with the behavior observed by Quaak. [21] The work of Koke and Modigell, [23] Mada and Ajersch, [27, 28] and Azzi et. al. [29] final steady-state viscosity corresponding to that shear rate. also support the behavior of the slurry during a step change, The breakdown times from the step-change experiments as observed in this work. from an initial shear rate are affected by the final shear rate specified. Comparing Figures 13 and 14 , it can be seen VI. CONCLUSIONS clearly that regardless of its initial shear rate, for the same final specified shear rate (Figure 13 ), the breakdown times 1. The transient behavior of the slurry after a rapid change remain almost constant. On the other hand (Figure 14) , startin shear rate is shown to occur within 1 second of the ing from the same initial shear rate, the breakdown times shear-rate jump. This is similar to an industrial thixoformdecrease with increasing final shear rate. Figure 14 also ing process. In the experiment conducted, it is shown shows that the breakdown times decrease more rapidly in that during a change in shear rate (in about 0.15 seconds), the lower-final-shear-rate region than in the higher-shearthe semisolid structure would have broken down from rate region. its initial state. This effect was also shown by Quaak [21] and Koke and 2. A single exponential decay equation, described by a Modigell. [23] However, the results obtained by Koke are relaxation time, can be used to describe the initial rapid collected over a long period of time (ϳ10 data points in transient breakdown and/or recovery behavior of the 480 seconds). It was shown by Quaak that there exist two semisolid slurries during a change in shear rate. breakdown behaviors in semisolid slurries: a very fast (of 3. This initial breakdown (or relaxation) time is then the order of a few seconds) initial breakdown followed by described for a shear-rate jump from a lower shear rate a slower process (of the order of hundreds of seconds).
to a higher shear rate. The first breakdown time is found Results from this work have shown that the very fast first to occur within the first second (0.1 to 0.25 seconds). breakdown process occurs within 1 second and, in this time, This behavior is also seen in the recovery times for a the metal slurry will have achieved its first pseudosteadyshear-rate jump from a higher to a lower shear rate. state condition. This is then followed by a second and longer
The first recovery time is found to be longer than the breakdown (ϳ5 minutes of constant shearing) before the breakdown times (0.18 to 0.45 seconds). material achieves its apparent steady-state condition corres-4. Microstructural examination of the semisolid slurries ponding to the specified shear rate. Koke's results are shown under different rest times shows that increasing rest times over a period of 480 seconds, and this can be regarded as lead to an increase in agglomeration and particle sizes. the long-term behavior of the metal slurry after a change in These increases have contributed to the increase in shear shear rate. stress recorded when the slurry is subjected to a change To compare the recovery times with the breakdown times in shear rate from rest. The increase in particle sizes from the preceding section, step-change experiments to a and degree of agglomeration would have impeded the lower shear rate from an initial high shear rate were conmovement of the particles sliding past each other, thereducted. Figure 15 showed the results for a step change to a fore increasing the shear stress recorded. final shear rate of 1 s Ϫ1 from five different initial shear rates. The initial viscosity before the step change at all five different initial shear rates showed similar results (again, in ACKNOWLEDGMENTS view of the experimental scatter) to that obtained from the The authors extend their thanks to Dr. P. Kapranos for steady-state experiments. The recovery times obtained from his most useful suggestions. This work was carried out as the fits to the stress-decay curves are shown to have similar part of EPSRC Grant No. GR/L/98473. behavior to the step-change experiments to a higher shear rate. The recovery time is shown to increase with increasing final shear rate, while remaining largely unaffected by the REFERENCES initial shear rate specified (Figure 16 ). One important finding in this experiment is that the recovery times obtained are
